We have investigated the expression of left/right (L/R) asymmetry markers, nodal and lef?y, in the situs inversus mouse mutant Fused toes (Ft). Both genes exhibited bilateral expression in the lateral plate mesoderm (LPM) at developmental stages whereas in wildtype embryos these genes were found to be expressed exclusively in the left LPM. Inspection of tail location and primitive heart tube looping, structures known to be handed in their orientation, documented a random orientation of these structures. Crossing of the Ft mutation into a different genetic background resulted in a strong reduction of this random orientation. Although the major fraction of these individuals still displayed nodal and lefir on both sides of the LPM, expression was almost always found to be weaker in the right LPM. These results suggest that the establishment of asymmetry is independent of nodal or lefty signals. However, handed asymmetry, which means consistent L/R differences, such as the dextral looping of the primitive heart tube or the right-oriented tail, is directed by differences in the L/R expression pattern of these two genes. 0 1997 Elsevier Science Ireland Ltd.
Introduction
Vertebrates seem to be bilateral symmetric organisms, but it is clear that some organs such as the heart develop asymmetrically.
In normal development the asymmetry of certain organs relative to the anteroposterior and dorsoventral axes is invariant, or handed. The consistent L/R alignment of such organs is therefore a fundamental event in vertebrate development.
When the other embryonic axes are already established the positional information for L/R is superimposed upon two mirror-image proximodistal axes for laterally asymmetric organ development (Brown et al., 1992) . Whereas the specification for anterior-posterior and dorsal-ventral may occur independently, L/R must be defined with respect to these spatial axes requiring a special mechanism to distinguish left from right. When this mechanism is disturbed it may result in a situs inversus phenotype, a mirror-image of visceral organs, as best displayed by the mouse mutants situs inversus viscerum (iv) (Hummel and Chapman, 1959) and inversion of turning (inv) (Yokoyama et al., 1993) . Fifty percent of iv mice show the situs inversus phenotype and a significant fraction displays heterotaxia, an anomalous arrangement of viscera (Hummel and Chapman, 1959; Brown and Wolpert, 1990; Layton et al., 1993) . This means that the control of left and right is completely lost, resulting in a randomized assignment of organs to either side of the body. The inv mutant differs from the iv mutant in that 100% of homozygous animals show situs inversus totalis (Yokoyama et al., 1993) .
Recently, molecules were identified in various organisms which may be involved in the determination of L/R (for an overview see King and Brown, 1995; Yost, 1995; Beddington, 1996) . The mRNAs of these molecules are asymmetrically expressed before the first morphological asymmetries become visible in embryonic development.
Among these molecules are two members of the TGF-0 superfamily, nodal and lefty, which were found to be expressed asymmetrically in mouse. The nodal pattern is quite well conserved among frog, chicken and mouse (Levin et al., 1995; Lowe et J. Heymer et al. /Mechanisms of Development 66 (1997 ) 5-11 al., 1996 . Nodal and lefty are normally expressed only on the left side of the lateral plate mesoderm in embryos at the early somite stage. In situs inversus mouse mutants this exclusively left sided expression of both genes is clearly disturbed, suggesting that both are involved in specifying L/R asymmetries (Collignon et al., 1996; Lowe et al., 1996; Meno et al., 1996) . During mouse development, initially the embryo is Ushaped and the germ layers are inverted, meaning that the ectoderm lies on the inside of the conceptus and the endoderm lies on the outside. Turning reverses this topography to restore the typical conformation of a vertebrate embryo, but of further biological importance is that the mouse embryo becomes enveloped in its extra-embryonic membranes by this rotation. The rotation process is handed. It occurs only slightly later than the first morphological manifestation of asymmetry, the dextral looping of the heart. Normally the embryo rotates clockwise around the anterior-posterior axis, while the whole conceptus rotates anticlockwise about the midpoint of the U (Brown and Wolpert, 1990; Hogan et al., 1994; Fujinaga et al., 1995) . As a side effect of this rotation the tail bud becomes positioned laterally to the right of the embryo. Hence the tail bud orientation is indicative of the direction of turning. In mouse situs inversus mutants the tail bud is sometimes also found on the left side of the embryo, suggesting that the rotation occurred in the opposite direction. In homozygous inv mutants the tail bud is always located on the left of the embryo (Yokoyama et al., 1993) . In iv embryos the tail is located on the right in 50% of cases and on the left side in the other 50% (Hummel and Chapman, 1959; Brown and Wolpert, 1990) .
The dominant mouse mutant Fused toes (Ft) (van der Hoeven et al., 1994; Volkmann et al., 1996) is characterized by fused toes of the forelimbs and thymus hyperplasia in the heterozygous situation. Embryos homozygous for Ft show severe brain alterations and display randomized tail orientation. Due to the tail phenotype, the Ft mutation was suggested to be the third non-allelic mutation of genes involved in defining L/R asymmetries (van der Hoeven et al., 1994) . In this study we present data that shows that the Ft mutation disturbs the handed asymmetry of heart and tail. Furthermore, Ft clearly influences both L/R marker molecules, nodal and lefty, in a manner different from iv and inv.
Results

Nodal and lej?y were bilaterally expressed in stage 12
homozygous Ft embryos
The conclusion that homozygous Ft embryos have lost the control for L/R (normal handedness) was based on the observation of randomized tail orientation. We looked for markers of L/R asymmetry/orientation known to be affected in situs inversus mutations iv or inv. By means of in situ hybridization we analyzed the expression of nodal and lefty at stage 12, when the embryos have one to seven somites.
Wildtype and heterozygous embryos showed the expected left sided expression pattern of nodal and lefty in the lateral plate mesoderm (LPM) (Fig. la,b) . Nodal staining in the node seemed to correlate to that found in the LPM, meaning that there was a more pronounced expression on the left than on the right side of the node. The expression of lefty along the midline described by Meno et al. (1996) was often not detectable or only very weak in wildtype/heterozygous embryos as well as in the homozygous situation. The lefty midline expression seemed to precede the asymmetric expression in the LPM as the most intense staining along the midline was always found in embryos showing no staining in the LPM (data not shown).
In contrast to the wildtype/heterozygous situation homozygous Ft embryos always showed a bilateral expression of nodal and lefty (Fig. la,b) . To evaluate the differences between the expression levels in the left and right LPM in a semiquantitative manner, the length of the nodal or lefty expression domains were measured and expressed as ratios (see Table 1 ). The differences of expression between L/R were found to be more pronounced for the nodal staining than for lefty. Consequently the ratios for nodal were higher than for lefty. These results show that both nodal and lefty have lost their specific asymmetric expression in FtlFt embryos. Thus, the Ft mutation interferes with the expression pattern of the earliest molecular L/R markers. In FtlFt embryos this strict handedness of the tail orientation is lost and often the tail is orientated to the left (right embryo). (B) Comparison of the looping of the primitive heart tubes. In the wildtype embryo (left embryo) the loop is always directed to the right of the embryo with respect to the dorsoventral and anteroposterior axes (for a better image see schematic drawing below). In FtlFt mutants looping can also occur to the left side of the embryo (right embryo). shows an example of bilateral symmetric nodal expression, whereas most of the FI(NMRI) embryos with a bilateral nodal expression pattern showed drastic differences between the left/right expression domains (embryos 2 and 4). Some Ft(NMRI) embryos resembled the wildtype pattern (embryo 3). All leffy stained Fr(NMRI) embryos showed a bilateral expression pattern (B). The frequencies and ratios from left and right expression domains are summarized in Table 1 . 
The direction of the heart loop was affected in homozygous Ft embryos but did not correlate with the tail orientation
Looping of the heart tube is one of the earliest morphological manifestations of asymmetry in the embryo that can be observed, followed only slightly later by the handed rotation of the embryo. The early primitive heart tube is a straight structure that starts to bend during stage 12 of development. The developing loop is normally directed to the right when viewed along the dorsoventral axis of the embryo. The asymmetric processes starting at this timepoint cause the heart to be located on the left side in the adult animal. To analyze the effect of Fr we investigated heart looping and tail orientation in stage 1.5 homozygous Ft embryos.
When isolated at day 9.5 post coitum, the timepoint when embryos normally reach developmental stage 15, wildtype and heterozygous embryos had finished turning whereas the majority of homozygous Ft embryos had not, meaning that development in homozygous Ft embryos was delayed. As expected, wildtype and heterozygous individuals always displayed rightward looping of the heart and the tail was consistently located on their right side. Examination of homozygous Ft embryos revealed all possible combinations of heart and tail orientation even though the number of embryos was relatively small (Table 2 and Fig. 2) . Thus, heart looping seemed to be independent of the tail orientation. This demonstrates that the two earliest morphological signs of L/R development, heart and tail orientation, were affected in FtlFt mice. L/R attributes of these structures seemed to be acquired independently or coordination of handedness was lost.
L/R phenotype of Ft/Ft mice is injluenced by the genetic background
The phenotype of a mutation can be influenced by the genetic background. To test whether this is also true for the L/R phenotype of Ft mice, we used homozygous embryos of an F,(Ft/ + xNMR1) cross. For simplicity, theses F2 embryos are called Ft(NMR1).
Analysis of the morphology of homozygous Ft(NMR1) embryos revealed that the frequency of embryos with unusual L/R characteristics was decreased. Only one embryo of 13 was found with the tail located on the left side. The heart tube was looped to the right in all 13 embryos (Table 2) .
To address an influence of the genetic background on the molecular level we' again investigated the expression of nodal and lefty. In Ft(NMR1) mice noda was bilaterally expressed in only a fraction (7/13) of homozygous individuals (Table 1 ). The expression pattern of the other fraction resembled that of the wildtype situation (603). Even in the fraction that displayed a bilateral nodal pattern the staining was almost always drastically weaker on the right than on the left side. Whereas in Ft embryos the ratio of left and right nodal expression domain varied between 1.5 and 4, this ratio was increased to about 10 in Ft(NMR1) embryos (Fig. 3a, Table 1 ). Only one embryo was found with nearly equal expression of nodal on both sides. Another Ft(NMR1) embryo showed strong nodal expression on the right side and only a very weak signal on the left in the anterior region of the LPM.
In contrast to the nodal results, we did not find any examples of single sided expression of 1efIy in Ft(NMR1) homozygous embryos. However, a clear tendency towards increased ratios between both expression domains compared to Ft embryos could be observed (Fig. 3b, Table 1 ). Table 2 Frequency of tail and heart orientation in homozygous 12 (92) 1 (8) _ _ _ Thus, at the molecular level the effect of the background seemed to be more pronounced for nodal than for lefty.
Taken together, the analyses revealed that the frequency of changes of L/R attributes is dependent on the genetic background of Ft mice. Furthermore, the molecular data reflected the morphological situation.
Discussion
The Ft mutation has been suggested to be the third nonallelic mutation of genes involved in defining L/R asymmetries (van der Hoeven et al., 1994) . In addition to the orientation of the tail which is indicative for the direction of embryo rotation, we analyzed the earliest manifestation of L/R asymmetry found in embryonic development, the looping of the primitive heart tube. Analysis of heart loop and tail orientation revealed that the orientation of these structures were obviously randomly determined, as examples were found for all possible combinations of asymmetric orientation. Later effects of the Ft mutation on the L/R development of viscera could not be considered as the Ft mutation is lethal at midgestation. On the molecular level, expression of nodal and lefty, two genes implicated in L/R development, were investigated. In FtlFt embryos these markers were found to be expressed bilaterally. Furthermore it was shown that morphological and molecular L/R characteristics of the Ft mutation were dependent on the genetic background.
Bilateral expression of nodal and lefy in homozygous Ft embryos does not affect the establishment of (random) asymmetry
It is assumed that the process of assigning consistently left and right characteristics to both sides of the embryo can be divided into two possibly tightly linked steps, i.e. the generation of (random) asymmetry and the establishment of a specific handedness (Brown and Wolpert, 1990; Klar, 1994; Yost, 1995) . In view of this model, the morphology data of FtlFt embryos clearly show that asymmetry is not lost in this mutant since heart looping and turning of the embryo are still occurring; only the direction of these processes are randomized. On the molecular level this behavior coincides with more or less bilateral symmetric expression of nodal and lefry. The bilateral expression of these L/R markers obviously provided insufficient information for a handed embryo turning. Consequently this process still occurred randomly. As recently discussed by King and Brown (1997) , heart looping can not be explained by the expression pattern of nodal and lefty. The anterior boundary of the nodal and lefry expression domains in Ft embryos never extended that seen in the wt situation, where the anterior border never reaches the prospective heart region. Thus, a direct influence of these molecules on heart looping of Ftl Ft embryos can not be excluded but does seem to be unlikely. However, nodal and ZeJ?y are not important for the establishment of asymmetry as already suggested by the studies of Levin et al. (1995) Lowe et al. (1996) and Meno et al. (1996) .
Asymmetric expression of nodal and le& directs handedness
By crossing our Ft mutation into another genetic background (NMRI) we found modifications in the Ft mutant phenotype (unpublished data). Investigation of the L/R phenotype of these animals resembled the wildtype situation as only in one case was L/R development affected. The effect of the Ft mutation was obviously suppressed by the new genetic background.
The differences in L/R asymmetry between Ft and Ft(NMR1) embryos raise the possibility that either Ft mice are homozygous or Ft(NMR1) mice are heterozygous dominant for a mutation modulating the L/R phenotype of Ft. Suppressive effects of the genetic background on a mutation phenotype are well documented; for example, the lethal effect at midgestation of an EGF-R mutant mouse could be overcome by crossing in a different background (Sibilia and Wagner, 1995) . So far a molecular explanation for these phenomenon has not been determined.
One could imagine that the Ft effect on handedness is due to the developmental delay of embryos for the Ft mutation, meaning that the event cascade leading to handed L/R differences is initiated in an incorrect tempospatial fashion. Yet this seems very unlikely since both molecular markers are expressed in Ft embryos exactly at the right developmental stage (two to seven somites) seen in wt embryos.
Nodal expression of the Ft(NMR1) embryos could be divided into two main fractions. The first, although showing a bilateral nodal pattern, was almost always characterized by a strong expression on the left side and very weak expression on the right. The differences between left and right were very pronounced. Whereas in Ft embryos the difference between left and right expression domain reached a maximum factor of 4, in most of the Ft(NMR1) embryos the difference was drastically increased to a factor of 10 or even more (Table 1 ). The second main fraction displayed the nodal wildtype expression pattern. One Ft(NMR1) homozygote expressed nodal mainly on the right side of the embryo and just one embryo had a bilateral symmetric pattern. Therefore about 80-90% of Ft(NMR1) embryos more or less resembled the wildtype situation. This result coincides very well with the low percentage of L/R affected Ft(NMR1) embryos at day 10.25 post coitum.
Lefty expression in Ft(NMR1) embryos was not that drastically affected by the genetic background. All investigated embryos still displayed a bilateral pattern even though a more pronounced left sided expression was recognizable.
Our results seem to imply firstly, that the mechanism that biases the orientation of the heart loop and the turning of the embryo might be dependent on the difference between left and right in the expression of these genes and secondly, that the direction of the expression gradient determines the handedness. If the difference is too weak, L/R is determined randomly. Thus, nodal and lefty seemed to be involved in the determination of handedness.
Ft and other UR mouse mutations
Recently two other mouse mutants, inversus viscerum (iv) and situs inversus (inv) were analyzed for nodal and lefty expression. iv/iv mutant mice have randomized L/R orientation, displaying a full array of reversals including heterotaxia and isomerisms. Interestingly, iv mice displayed four different patterns of nodal expression, i.e. unilateral on the left or right side, bilateral symmetric or no expression at all (Lowe et al., 1996) . The nodal patterning is contrasted by the unilateral expression of lefty in iv/iv mice, either on the left or right (Meno et al., 1996) . invlinv mutants, as expected from the phenotype of this mutant, displayed 100% right sided expression of nodal and lefty,
In contrast to Ft, in a certain fraction of iv embryos the expression of nodal in LPM was not detectable. If one considers that the signal derived from no or bilateral nodal expression is consequently the same, one would expect to find a correlation between these patterns and phenotypes.
Indeed, in total about 50% of iv embryos display either no or bilateral expression of nodal and about 50% of iv embryos show heterotaxia, which is the non-concordance of handedness in different organs of the same individual (Hummel and Chapman, 1959; Brown and Wolpert, 1990; Layton et al., 1993) . This correlation is again in agreement with the interpretation that expression differences of nodal in the left and right LPM are involved in the determination of handedness.
Establishment of asymmetry in non-mammalian species
Experiments in chickens have provided evidence that HNF3-p, Shh and activin may play an important part in the signaling cascade for determining L/R characteristics (Levin et al., 1995) . These three genes are not asymmetrically expressed in the mouse but it was demonstrated that HNF3-p interacts with nodal in the establishment of L/R asymmetry (Collignon et al., 1996) . A recent report showed that overexpression of Vgl in the right half of 16-cell stage frog embryos led to complete randomization of L/R asymmetry (Hyatt et al., 1996) . Such treated embryos nearly exclusively displayed a bilateral expression of the Xenopus homologue of nodal, reflecting a randomized L/R morphology including a high percentage (45%) of heterotaxia. Since no asymmetric Vgl expression was detectable on the RNA or protein level, Vgl function was suggested to be modulated by differential protein processing of the precursor protein (Hyatt et al., 1996) . In chicken, Vgl is expressed at the time of primitive streak initiation in the posterior marginal zone that contains the axial organizing activity at this stage (Seleiro et al., 1996) . The chicken Snail-related zinc finger gene was also shown to be involved in determining the handedness of heart and axial torsion of the embryo (Isaac et al., 1997) . Taken together, these data suggest that mechanisms acting long before the asymmetric expression of nodal and lefty have already defined global L/R characteristics.
Perspectives
In contrast to iv and inv the Ft mutation has already been partially characterized. As the mutation was generated by means of transgene insertion, it was possible to clone the locus. First analysis has suggested a deletion at the site of integration (unpublished data). Further molecular investigations will allow the identification and cloning of the gene or genes that might be involved in the establishment of handed asymmetry.
Experimental procedures
Animals
The Fused toes mouse was generated by transgene integration into F2(C57BL6 x SJL) embryos. Ft mutants were subsequently backcrossed to C57BL6 over more than 20 generations. By crossing Ft animals to NMRI mice the line Ft(NMRI) was generated. The Fi generation of these Ft(NMR1) was used in all experiments. Developmental stages were assigned according to Hogan et al. (1994) .
Genotyping
Embryos were genotyped by removing the extra-embryonic membranes for DNA preparation and subsequent PCR (primer for wildtype and Ft, CTGAAAGGTTGTACT-GAGCC; wildtype, GTGGAACCCTTCTGTACATG; Ft, GTCCTTTCTCCATGGGTATG).
Whole mount in situ hybridization
Embryos were dissected in PBS, then fixed and stored in 4% paraformaldehyde.
After washing once for 5 min in PBS, the embryos were hybridized at 70°C for at least 3 h or overnight with DIG-labeled riboprobes for nodal and Zefp in 50% formamide, 5 x SSC, 1% SDS, 1% Tween-20, 50 pglml heparin and 50 pg/rnl E. coli t-RNA. Three posthybridization washes were carried out in 50% formamide, 2 x SSC and 1% Tween-20 at the hybridization temperature. Embryos were then prepared for antibody incubation by processing once through PBS with 1% Tween-20 (PBT) following a 1 h incubation in 10% sheep serum in PBT. Antibody incubation with an anti-DIG antibody (Boehringer) was performed in 1% sheep serum in PBT (1:2000) at 4°C overnight. After extensive washing in PBT for at least 6 h the embryos were incubated twice (20 min each time) in detection buffer (100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 50 mM MgCl*, 1% Tween-20 and 2 mM levamisol), and stained in detection buffer containing 20 ~1 NBT/BCIP stock solution (Boehringer). In embryos showing a bilateral expression pattern in the LPM, the relative length of left and right expression domain was measured with the microscope and the ratio was calculated. All whole mount stage 12 embryos were photographed with the dorsal side up so mat the left and right side of the embryo corresponded to those of the photograph.
